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Abstract. The integration and synthesis of data from varied sources is becoming increasingly common in biogeography and ecology. Although analyses of large, global datasets from multiple, varied sources only became common recently, such studies trace their origin to the early 19th century. Alexander von Humboldt (1769-1859) was an eminent and much-celebrated scientist, who introduced the concept of collecting high-quality quantitative data across continents. More importantly, he championed inter-disciplinary research, data-driven studies, and global comparative syntheses. With these studies, he helped to lay the 
foundations for the fields of biogeography and ecology, and his ideas, 
concepts, and scientific approach remain at the forefront of exciting recent developments in both disciplines. Remembering Humboldt’s 250th birthday, we show how his scientific philosophy and visionary approach to multi-disciplinary data integration and synthesis have recently been revitalized due to increasing computing power and the numerous complex environmental challenges facing our planet.
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Introduction
Modern biogeography and ecology are increasingly 
reliant on integrating data from multiple, heterogeneous 
sources and across diverse disciplines (Hampton et al. 
2013, Franklin et al. 2017, König et al. 2019). In the 
last decade, we have seen an explosive increase in 
studies focusing on large-scale data-driven syntheses. 
This increase in biogeographical and ecological studies 
using integrated global data has been facilitated by 
advances in computing, data storage, and analysis 
(Jetz et al. 2012, Kissling et al. 2018, König et al. 2019).
However, the origins of this approach date to 
Alexander von Humboldt (1769-1859) in the early 
19th century. This remarkable scientist and science 
communicator was known for his paradigm-shifting 
intuitions, careful observations, and extensive 
and rigorous measurements and data recordings 
(Jackson 2009, Pausas and Bond 2019). As we are 
celebrating his 250th birthday this year, Humboldt’s 
way of conducting science remains pervasive and 
highly relevant for modern science (Kreft and Jetz 
2007, Morueta-Holme and Svenning 2018, Pausas 
and Bond 2019). Here, we outline his legacy to the 
practice of modern biogeography and ecology, and we 
argue that he was the first to compile, integrate, and 
publish large quantitative datasets of diverse types.
Alexander von Humboldt
Alexander von Humboldt was born on 14 September 
1769 in Berlin, then part of the Kingdom of Prussia. 
He displayed an early interest in nature and was 
nicknamed “the little pharmacist” at home due to his 
fondness for collecting and labelling insects, plants, 
and shells. His mother wanted him to become a 
civil servant, and he therefore undertook studies in 
commerce, foreign languages, geology, anatomy, and 
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astrology at various Prussian universities. In addition, 
he was able to develop his interest in nature through 
travels and meetings with naturalists Georg Forster 
and Sir Joseph Banks, who had both joined Captain 
James Cook on his expeditions to the Pacific (Botting 
1974, Wulf 2015).
Humboldt is most famous for his expedition to the 
Americas. Equipped with the best and most precise 
available instruments, he travelled through Tenerife, 
Ecuador, Cuba, Venezuela, Mexico, and the United 
States of America for five years, collecting a broad 
spectrum of scientific data whenever and wherever 
he could (Dettelbach 1999, Wulf 2015). He aimed to 
“measure every possible quantity, ‘armed’ with every 
conceivable precise instrument from cyanometers to 
barometers” (Dettelbach 1999, pg. 480). His numerous 
collections, including some 6,000 plant specimens 
(Livi-Bacci 2015), and prolific writing of correspondence 
and subsequent publications (Schlegel 2006) gave this 
journey a long and far-reaching impact.
The influence of Alexander von Humboldt in science 
has been immense. He is perhaps best known for laying 
the foundations for the disciplines of biogeography and 
for providing the seeds for Charles Darwin’s theory of 
evolution (Jackson 2009, Wulf 2015). However, Humboldt 
also made important contributions to other fields such 
as writing the first comprehensive socio-political history 
of Mexico (Livi-Bacci 2015), demonstrating that magnetic 
storms occur simultaneously in different parts of the 
planet (Malin and Barraclough 1991), and identifying 
the magnetic equator of Earth (Schlegel 2006).
One of his most enduring contributions was realizing 
and publicizing the intricate link between organisms 
and the environment (Morueta-Holme and Svenning 
2018, Pausas and Bond 2019). This realization led 
him, among other things, to develop the concepts 
of tree lines, and altitudinal and latitudinal gradients 
of biodiversity (Nicolson 1987, Malanson et al. 2011, 
Moret et al. 2019), and to accurately predict global 
centers of plant diversity (Kreft and Jetz 2007). 
His detailed, data-rich records along altitudinal 
gradients were interdisciplinary and allowed him to 
document that species distributions corresponded to 
changes in physical parameters, such as temperature 
(Jackson 2009). The high precision of his records on 
the altitudinal distribution of vegetation on Mount 
Antisana allowed a recent study to document average 
upwards shifts of > 200 m in elevation for plant taxa 
(Moret et al. 2019).
However, it was the visionary way von Humboldt 
used his data and personal observations that has 
established him as one of the greatest naturalists 
and scientists. He was not content with simply 
presenting his vast, discipline-transcending data, but 
he integrated them into a more comprehensive picture 
of the functioning of our planet, bringing out the 
complex interactions between biosphere, atmosphere, 
and geosphere (Schlegel 2006, Moret et al. 2019). 
Humboldt also translated his findings into accessible 
and comprehensible publications and presentations 
(Dettelbach 1999, Jackson 2009). When Alexander 
von Humboldt passed away aged 89 in 1859, he was 
possibly the most famous scientist of his time, and 
his life was remembered and celebrated in Europe 
and the Americas for decades to come (Wulf 2015).
Humboldt and the integration and 
synthesis of data
Notwithstanding Humboldt’s known legacy, 
here we would like to highlight an often overlooked 
contribution: his integrative and comprehensive 
approach to doing science. He was the first to practice 
a holistic, multi-disciplinary, and data-driven approach 
to science, which remains cutting edge to this day 
and has been referred to as “Humboldtian Science” 
(Cannon 1978). We believe that his approach involved 
three major paradigm shifts: (i) data collection strongly 
emphasized quantitative values, in addition to the 
then common practice of descriptive recordings, 
(ii) the scale of investigation was global, or as large as 
possible, instead of local, and (iii) analyses integrated 
as much data as possible instead of focusing on data 
collected in a single study.
As a result, Humboldt produced unprecedented 
numbers of records and measurements of climate, 
geography, geology, volcanism, and biodiversity (Botting 
1974, Schlegel 2006, Livi-Bacci 2015). His integrated 
biotic and abiotic data along altitudinal gradients 
are the oldest available, and therefore important for 
documenting long-term altitudinal shifts under climate 
change (Morueta-Holme et al. 2015, Moret et al. 2019). 
He also covered an unprecedented geographic extent, 
collecting data from four continents to obtain holistic 
and broadly applicable insights (von Humboldt 1858, 
Morueta-Holme and Svenning 2018). Consequently, 
Humboldt’s published works often transcended 
disciplines (von Humboldt and Bonplad 1805, 1858). 
Even today, collecting consistent detailed data on a 
(trans-) continental spatial scale remains a challenging 
and expensive, but worthwhile, exercise (Phillips and 
Miller 2002, Kao et al. 2012, Anderson-Teixeira et al. 
2015). Humboldt achieved this before modern 
communication devices and air travel existed.
In addition, he actively sought out all available data 
by rigorously and persistently searching the literature 
and information from colleagues and repositories 
(Schlegel 2006). Humboldt therefore aspired to global 
networking of scientists and collaborations in an era 
when travel was expensive, slow and cumbersome, 
and communication took place via hand-written 
letters transported by horse and boat. Despite these 
obstacles, he established and maintained an extensive 
trans-disciplinary network of scientists, naturalists, 
politicians, artists, and intellectuals, creating huge 
volumes and a great variety of data at an unprecedented 
velocity. All data collected was carefully stored and 
filed and, where possible, confirmed with other 
experts. Andrea Wulf (2015) explains that “Humboldt 
collected his materials in boxes, which were divided 
by envelopes into different subjects” and that each 
envelope contained letters, “newspaper cuttings, 
pages from books, and pieces of paper on which he 
scribbled” (p. 236).
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Not only did he collect, aggregate, store and manage 
these data, but he also developed new ways of analyzing 
and presenting them (Fig. 1). For example, he was the 
first to link plant distributions and vegetation features 
with physical data by supplementing an altitudinal profile 
of Chimborazo that displayed vegetation zones, with 
information on plant species, temperature, humidity, 
light refraction and intensity, and other features 
(Botting 1974, Jackson 2009). Humboldt also developed 
diagrams to compare his physical and biological data 
across mountains on different continents and invented 
isothermal lines to illustrate changes in temperature 
with altitude and latitude (von Humboldt and Bonplad 
1805, Pausas and Bond 2019).
We therefore argue that Humboldt was the first 
person to face the challenges of big data. While the 
exact definitions vary among disciplines and authors, 
most agree that ‘big data’ involves unprecedented 
volumes and variety of data that accumulates at 
unprecedented rates (McAfee and Brynjolfsson 
Figure 1. Data collection, integration, and synthesis as practiced by Alexander von Humboldt and in modern times. Note: 
pictures and diagrams taken from Ian Symbols (http://ian.umces.edu/symbols/) and Wikimedia Commons. Central photo 
an 1806 portrait of Alexander von Humboldt by Friedrich Georg Weitsch and the diagram of Mt. Chimborazo from Essai 
sur la géographie des plantes (von Humboldt and Bonplad 1805).
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2012, Peters et al. 2014). Big data therefore also 
requires innovative forms of information processing 
and data presentation. As outlined above, Humboldt 
did face and overcome such challenges. However, 
current practices of working with large, global and 
interdisciplinary data are obviously different. Much 
more and a much wider range of data are available 
as a result of 200 years of scientific research, and an 
increasing amount of these data are digitally available 
(Kissling et al. 2018, König et al. 2019). Consequently, 
most recent studies with a global and interdisciplinary 
focus extract information from several databases to 
address their research questions (Fig. 1). The aggregation 
of increasingly large and heterogenous data, and 
subsequent analyses and presentation, are facilitated 
by rapidly advancing information technology (Jetz et al. 
2012, König et al. 2019).
Recent renaissance of Humboldt’s 
scientific approach
Following a trend of increased specialization of 
biological sciences into various disciplines through 
most of the 20th century, Alexander von Humboldt’s 
vision for global, collaborative science based on 
comprehensive data has returned to the forefront 
of modern biology in recent decades (Kreft and Jetz 
2007, Hampton et al. 2013, Balvanera et al. 2014, 
Kissling et al. 2018). Advances in computing, data 
storage and analysis, and communication have facilitated 
data integration at unprecedented scales (Jetz et al. 
2012, Hallgren et al. 2016, Kissling et al. 2018). While 
standardized inter-continental data collection was 
a revolutionary idea at the time, it is now common 
in our efforts to gain a holistic understanding of our 
planet (Anderson-Teixeira et al. 2015) and to study 
anthropogenic climate change (IPCC 2014). As a 
result, analyses based on large, integrated datasets 
are becoming increasingly common in biogeography 
and ecology (Hampton et al. 2013, Franklin et al. 2017), 
using the same general approach first championed by 
Humboldt (Fig. 1).
Humboldt believed that the integration of knowledge 
from diverse disciplines is essential for understanding 
complex socio-ecological systems and included 
comparisons between natural and anthropogenic 
landscapes in his various discussions and diagrams 
(von Humboldt and Bonplad 1805). This insight 
remains highly relevant in modern conservation science 
because the consequences of human actions are having 
increasingly complex impacts on our planet that can 
only be explained and forecast using comprehensive 
data from multiple disciplines (IPCC 2014, Franklin et al. 
2017, Ripple et al. 2017, IPBES 2019). Because global 
environmental change is increasingly posing existential 
threats to humanity (Ripple et al. 2017), international 
collaboration, data sharing, and interdisciplinary 
research are proliferating at an unprecedented scale 
in global change science (Hansen et al. 2013, IPCC 
2014, IPBES 2019). The increased collaboration and 
rapidly evolving methods for data integration and 
analysis are producing important results, such as 
facilitating increasingly accurate predictions of future 
environmental conditions and the associated impacts 
on biodiversity (Schuur et al. 2015, Urban et al. 2016).
In addition, remote sensing and online data 
repositories have prompted many global-scale studies 
incorporating biological, geographical, and climate data 
(e.g., Hansen et al. 2013, Morueta-Holme and Svenning 
2018, Weigelt et al. 2019). Therefore, Humboldt’s 
vision of global, multi-disciplinary data integration 
and synthesis is being increasingly realized. However, 
while modern information technology allows accessing 
and processing much more data than during the time 
of von Humboldt, the aggregation and analysis of 
large datasets can also result in a reduction of data 
quality and in flawed analyses (Meyer et al. 2016, 
Franklin et al. 2017), as data sources may be biased 
(Meyer et al. 2016) and can contain numerous errors, 
if not carefully curated (Mesibov 2013).
Many of the ideas and concepts developed by 
Alexander von Humboldt therefore continue to be 
at the forefront of some of the most exciting recent 
developments in ecology and biogeography. Humboldt’s 
approach to science, especially with respect to using 
collaborative, inter-disciplinary, big data approaches to 
investigate phenomena, has become the cornerstone 
of modern science. This is exemplified in global change 
science, where an inter-disciplinary, collaborative 
approach is helping us better understand our planet 
and the effects humans are having (IPCC 2014). As the 
impacts of climate change will become more acute, 
and the availability of and processing power for big 
data will increase, the impact of the work and scientific 
philosophy of Alexander von Humboldt will remain 
relevant over decades to come.
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